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Abstract 
Graphene oxide (GO) is a promising precursor material for fabricating graphene-like structure. 
However, the detailed kinetics and dynamics of GO thermal reduction still need to be revealed. 
Here, we present a new insight into low-temperature hermal reduction of Hummers’ GO. During 
the low-temperature thermal treatment, the decomposition process of functional groups of Hummers’ 
GO is found to consist of 4 steps (Step 1: below 160 °C, Step 2: between 160 and 210 °C, Step 3: 
between 210 and 300 °C, Step 4: above 300 °C). We discovered that Step 3 is an endothermic 
process. This finding differs from the common view that the thermal reduction of Hummers’ GO is 
only an exothermic event. In addition, gaseous aromtic by-products form below 300 °C, implying 
that the basal carbon network could start to decompose at such low temperatures. This is in contrast 
to the former experimental finding that the GO carbon plane decomposes only at higher temperature 
(above 350 °C). Finally, based on the combined kinetic and compositional measurements, we 
observe the evolution of functional groups during heat-treatment, and thereby, reveal the 
mechanism of low temperature reduction of Hummers’ GO. 
 
Keywords: graphene oxide, thermal reduction, low temperature, hidden endotherm, dynamics and 
kinetics. 
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1. Introduction 
Graphene-based materials have been attracting considerable interest owing to their two-dimension 
structure (one atom thick planar sheet [1]) and outstanding properties such as: impermeability to all 
standard gases [2], unique electrical properties [3] inherent mechanical strength [4] and large 
surface area [5]. These remarkable properties make graphene-based materials attractive for a wide 
range of applications, encompassing contaminant adsorption, photocatalytic materials, membranes, 
sensors and capacitors [6–16]. 
Graphene oxide (GO) is an oxidized form of graphene, which normally contains four kinds of 
functional groups: hydroxyl, carboxyl, carbonyl and epoxide, on the carbon sheet surface [17]. The 
most attractive feature of GO is its readily conversion to graphene-like structure through chemical, 
thermal or electrochemical (partial) removal of functional groups. The reduced GO is considered as 
an appropriate intermediate for the large-scale production of graphene-based materials [18–22]. 
Thus, various reduction techniques [23–26], e.g., hi h vacuum, reducing gases (H2), HCl solution, 
have been used to fabricate highly reduced GO. However, reduced GO products always contain 
residual oxygen or structural defects. In some cases, such defects may be used to tune properties of 
the final materials. For instance, Nair et al. reported that the spacing between two adjacent layers in 
GO membranes is larger than that in graphite since the former contains functional groups [11,12,27]. 
Hence, GO membranes possess outstanding water permeability and exceptional molecular 
separation properties. Eda et al. [28] observed blue photoluminescence from GO thin films after 
controlled reduction, thus providing novel and promising materials for optoelectronics. 
In this context, it is important to establish simple and reproducible methods for the large-scale 
fabrication of reduced GO with desired structure and properties. To do so, we need to clarify two 
key questions: (1) What are the reduction mechanisms? (2) How can the reduction degree be 
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controlled? A controllable functionalization can enable us to obtain graphene-like structures 
through an economically effective way, and to tailor the properties of GO for specific applications. 
Indeed, using different synthetic approaches, GOs with different functional groups and density can 
be derived [17]. Hummers’ method [29] and its modifie  versions, which involves KMnO4 and 
H2SO4, are today widely used for GO synthesis, due to their simplicity and high conversion 
efficiency. Since the chemical structure and the stabili y of these functional groups remain elusive, a 
systematic study of the physical principle of the mthod, by-products and the mechanism of 
reduction process would be a key for realizing large-scale production of GO. Hummers’ GO 
involves multiple reaction steps such as removal of intercalated H2O molecules and oxide groups 
and the partial degradation of the basal carbon plae at high temperature. Indeed, there is a number 
of literature about GO reduction [18,23], however, most of the previous studies mainly focus on the 
high temperature (above 200 °C) reduction of GO. The low temperature (between 100 and 200 °C) 
degradation processes have not been well investigated. Moreover, such studies often deal with the 
thermal stability and chemical evolution of GO, but the thermal kinetics and dynamic evolution of 
the chemical reactions during annealing treatment has not been clarified. 
In this study, we explore the reduction mechanism and kinetics of Hummers’ GO at various 
temperatures between 120 and 200 °C for different an e ling durations (0.5, 1, 3, 7 and 24 hours). 
We investigate the endothermic process, which is shadowed by a strong exothermic transition. Such 
endothermic process may be decoupled from the exothrmal response to decomposition of the 
carboxyl and epoxy groups, after partial reduction of GO at mild temperatures. Thus, the reduction 
process of multilayer GO, as observed from the DSC results, could be divided into four steps. Each 
step corresponds to the decomposition of different fu ctional groups, indicating different chemical 
mechanisms. In this paper, we discuss the detailed thermokinetics of different decomposition steps. 
In addition, we analyze the release of some toxic derivatives, like SO2 and some aromatic products 
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(benzene et al.), which are developed in non-negligible quantities below 300 °C, while, according to 
the common view, only CO2, CO and H2O would be released during reduction at such low 
temperature. We study the chemical and structural evolution and the formation of a variety of GO 
derivatives during a controlled thermal reduction process. We attempt to offer a reasonable 
interpretation about the low temperature thermal reduction of graphene oxide. 
 
2. Experimental 
2.1 Graphene Oxide Synthesis 
The graphene oxide was synthesized using Hummers’ method [24,29]. All the chemicals used for 
the synthesis were purchased from Sigma-Aldrich, unless otherwise specified. 2.0 g natural graphite 
(Graphit Kropfmühl GmbH) and 1.0 g NaNO3 (99%) were stirred with 50 ml sulfuric acid (98%) in 
a 1L beaker. The mixture was placed in an ice bath and stirred until homogeneity. 7.0 g potassium 
permanganate (99%) was added slowly to avoid a sudden temperature increase. Then, the beaker 
was placed into a water bath at 35 °C for 1h and a thick dark green paste was obtained. The reaction 
flask was poured into 80 mL deionized water slowly in order to prevent an uncontrolled 
temperature increase and heated to 95 °C for 30 min and get a dark brown suspension. After adding 
500 mL of deionized water, followed by 6 mL of 30% H2O2 solution, the mixture’s color changed 
into light yellow. After that the suspension was washed with 200 mL HCl (5%) one time, and with 
500 mL deionized water 5 times. The so obtained graphene oxide (GO) slurry was freeze-dried in a 
vacuum machine for 48 h to yield a fine GO powder. Synthesis and washing procedures were 
repeated six times starting from the same graphite sample. For each synthesis, the complete 
conversion of graphite to GO was checked by XRD analysis. The synthetized materials were mixed 
together to obtain a single raw GO powder. Such powder was divided in 0.2 g samples, which were 
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thermally treated at 120, 140, 160, 180 and 200 °C under an argon flow for different durations (0.5, 
1, 3, 7 and 24 h).  
 
2.2 Characterization 
Differential scanning calorimetry (DSC) and thermogravimetry (TG) measurements were 
performed on a Simultaneous Thermal Analyser 449C Jupiter (Netzsch, Germany). The GO 
samples (ca. 4.5 mg) were placed into a platinum crucible at room temperature. In the dynamic 
measurements, the samples were held for 5 minutes at an initial temperature of 40 °C, then heated 
to 600 °C at a rate of 10 °C /min in an argon atmosphere. To examine the influence of the heating 
rate on the characteristic temperatures of chemical re ctions, two samples, i.e. original GO and 
160 °C-24 h GO, were also analyzed at 5 and 15 °C/min in an argon atmosphere. The area (enthalpy) 
of the calorimetric peaks was determined by using the software NETZSCH Proteus Thermal 
Analysis. The onset of TG curves was set at 40 °C (mass=100%). Isothermal gravimetric 
measurements were also performed in an argon atmosphere with GO samples of ~ 4.5 mg, which 
were heated to the target temperature at a rate of 40 °C/min and held on for 24 h. 
A combined technique of the time-resolved infrared spectrometry – thermogravimetry - mass 
spectrometry (FTIR-TG-MS) was used to assess the species evolved during the thermal reaction. 
The GO samples (ca. 2 mg) were placed in an open platinum pan and heated from 30 to 700 °C at 
20 °C/min under dynamic nitrogen atmosphere in a Pyris TG (PerkineElmer, USA). The gas 
evolved during the heating ramp was piped (gas flow 65 mL/min) via a pressurized transfer line 
(Redshift S.r.l., Italy) and analyzed continuously by FTIR (Spectrum 100, Perkin Elmer), equipped 
with a thermostatic conventional gas cell. Temperature/ ime-resolved spectra were acquired in the 
4000-600 cm-1 wavenumber range and analyzed with the Spectrum software (Perkin Elmer). 
Temperature-resolved infrared profiles of each single moiety desorbed from samples were obtained 
from the intensity of a representative peak of the investigated species. The assessment of some 
organic species (namely benzene, stryrene, naphthlene and phenanthrene) released during the 
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heating ramp was carried out by mass spectrometry employing the Clarus 560S mass spectrometer 
(PerkineElmer, USA) operated in selected ion recording (SIR) mode. The samples were heated at 
20 °C/min from 30 to 400 °C. The chosen temperature range encompasses the boiling temperature 
of the selected organic species (namely 80.1, 145, 218 and 340 °C for benzene, stryrene, naphthlene 
and phenanthrene, respectively). The chromatograms were obtained by monitoring the most 
abundant peak (base peak) for each of the selected organic molecule, namely 78, 104, 128, and 178 
m/z for benzene, styrene, naphthalene and phenanthrene, respectively. 
The high sensitivity Pyrolysis-Gas chromatography–mass spectrometry (Pyr-GC-MS) was 
performed to detect the organic species. A CDS Pyroprobe 1500 (Analytical Inc., USA) filament 
pyrolyzer was directly connected to the 6890N Network GC-MS system (Agilent Technologies, 
USA). The GC system used a methylphenyl-polysiloxane cross-linked 5% phenyl methyl silicone 
(30 m, 0.25 mm i.d., 0.25 µm film thickness) capillary column. The GO samples was heated at 
300 °C for 30 second in the pyrolyzer and used helium (1.0 ml/min) as the carrier gas, and split 
ratio was 1/20 of the total flow. The mass spectrometer coupled to the GC system was a 5973 
Network Mass Selective Detector (Agilent Technologies, USA). Mass spectra were acquired in the 
range 40-600 m/z and under electron impact at 70 eV. All instruments were controlled by Enhanced 
Chem Station (ver. 9.00.00.38) software. 
Fourier transform infrared spectroscopy (FTIR) analysis was performed using Varian 660-IR 
spectrometer (Agilent, USA) at room temperature. The pellets for FTIR test were prepared by 1 mg 
GO grinded with 200 mg dried KBr (99.5%, Merck) foreach sample. The KBr was dried at 100 °C 
for over 24 h. The scan range was 4000-400 cm-1. 
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X-ray photoelectron spectroscopy (XPS) was performed by using ESCALAB 250Xi spectrometer 
(ThermoFisher Scientific, USA) with non-monochromatic Al Kα X-ray (1486.6 eV) at pass energy 
of 50 eV. The obtained C1s and O1s spectrum were fitted by using PeakFit software. 
Elemental Analysis (EA) was performed by using SeriesⅡCHNS/O Analyzer-2400 (PerkinElmer, 
USA). Three copies of each GO sample were prepared with around 5 mg for each one. The average 
data were calculated based on the 3 repetitions. 
 
3. Results and Discussion 
3.1 Hidden endothermic process 
Fig. 1 shows the dynamic TG and DSC data (obtained at the heating rate of 10 °C/min) of three GO 
samples: the as synthetized sample and the two samples that are annealed at 160 °C for 1 h (160 °C-
1 h) and 24 h (160 °C-24 h), respectively. The original GO sample shows the typical DSC and TG 
profiles, i.e., 4 distinct steps in the TG curves: Step 1 below 160 °C, Step 2 between 160 and 210 °C, 
Step 3 between 210 and 300 °C, Step 4 above 300. The mass loss below 160 °C (Step 1) is due to 
the endothermic evaporation of physisorbed and nanoconfined water [30]. The major loss of the 
mass (Steps 2 and 3) has often been ascribed to theexothermic degradation of the functional groups 
on graphene oxide between 160 and 300 °C [24,31–34]. The small mass loss above 300 °C (Step 4) 
is assigned to the basal carbon network degradation nd to the removal of the most stable oxygen 
functionalities [35]. As expected, the TG and DSC curves of the 160 °C-1 h and 160 °C-24 h show 
a mass drop and an exothermal response, respectively, since part of the organic groups are degraded 
during thermal reduction. However, the DSC curves of the two annealed GO samples have a 
different profile. Indeed the combined analysis of the mass loss and heat flow curves shows two 
distinct phenomena: (1) a strongly exothermic process between 160 and 210 °C, and (2) a clear 
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endothermic peak between 210 and 300 °C, as highlighted by the blue circle in Fig. 1.  This 
endothermic peak is evident in the DSC curve of the sample 160 °C-24 h, for which no mass loss or 
exothermic transitions are observed in the Step 2 (160-210 °C). We infer that the original GO and 
160 °C-1 h curves actually also have this endothermic transition, but in the DSC scan, it is hidden 
by the large exothermic peak at lower temperature. This is why previous studies often ignored the 
endothermic process. Annealing at 160 °C causes a rduction of mass loss of Step 1 and Step 2 and 
decrement of the area of the corresponding DSC peaks. On the contrary, the mass loss of Step 3 
does not obviously show changes after annealing. This is a strong indication that the Step 3 is 
decoupled from Step 2. 
To examine the effect of the heating rate on the characteristic temperatures of chemical reactions, 
we preformed additional DSC-TGA experiments on both original GO and 160 °C-24 h samples by 
using the heating rates of 5 and 15 °C/min (see Fig. SI1 in supporting information). The results 
show that the heating rate does not influence the occurrence of the 4 distinct reduction steps. An 
increase of the heating rates from 5 to 15 °C/min causes a slight shift of the reaction temperatures to 
a higher value, but do not alter the range of the main reaction temperatures. 
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Fig. 1. DSC and TG curves of three GO samples: original, 160 °C-1 h and 160 °C-24 h. The dashed lines are 
used for helping distinguish the reaction steps. The blue dashed circle shows the endothermic peak. 
 
3.2 GO reduction kinetics 
Following these observations, different degradation mechanisms are investigated by Isothermal 
Gravimetric Analysis. The degree of degradation here is defined as the fractional mass loss (ρ) of 
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the sample in respect to the original GO. Fig. 2a shows the time, t, spent to reach a certain degree of 
degradation as a function of ρ at five different temperatures. As expected, the isotherms in Fig. 2a 
have different slops, since the higher temperature reatment results in faster degradation of GO. 
Nevertheless, all the curves present slope changes at two characteristic ρ values: namely  ρ = 0.16 
and ρ = 0.36, thus confirming the presence of different degradation steps, which have been 
discussed in Fig. 1. A good agreement can be found between these ρ values and the dynamic 
thermogravimetric measurement of the original GO sample in Fig. 1b, for which similar relative 
mass loss values can be observed at the transition from Step 1 to Step 2, and from Step 2 to Step 3. 
Hence, we can infer that the mass loss at ρ ≤ 0.16 corresponds to the vaporization of water, and 
that higher ρ correspond to the two distinct degradation processes we observed.  
The apparent activation energy, Ea, for such degradation processes is calculated fromthe isotherms 
in Fig. 2a, by the MacCallum method [36,37], according to which the degradation time (t) can be 
expressed as follow: 
 =  ∙  ∙ 	
       Eq 1. 
Where f(ρ) is an undefined function of the GO degradation, A is the pre-exponential factor, and R is 
the universal gas constant.  
The resulting Ea vs ρ curve is shown in Fig. 2b. Ea appears to increase with the degradation process. 
This can be explained by the fact that the most liable groups are the first to be degraded during the 
thermal treatment. However, the apparent activation energy is nearly constant (Ea = 112 ± 6        
kJ·mol-1) during the 0.16 < ρ ≤ 0.36 degradation step. On the contrary, Ea abruptly increases for ρ  
between 0.36 and 0.41, and reach a stable value of 248 ± 9 kJ·mol-1 for ρ > 0.41. 
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In order to understand the nature of the groups that are degraded during the heat treatment, the 
atomic composition of samples at different ρ is reported in Fig. 2c. These values are obtained by the 
Elemental Analysis of GO samples treated at 200 °C for different duration times (shown in Table 
SI2 in support information). It is clear that for a degradation degree below 0.36 the concentration of 
oxygen atoms (O) decreases, while the concentration of carbon atoms (C) increases, as the most 
liable oxygen functional groups are degraded (GO thermal reduction). The elemental analysis 
shows that, as expected, the original GO, which is synthetized by a modified Hummers’ method, 
contains a large quantity of sulfur (S), which might exist in the form of sulfates.  At the beginning 
of the heat treatment, the concentration of S atoms slightly increases, because of the degradation of 
other more liable functional groups. However, the atomic concentration of S decreases for  ρ > 0.36 
until no sulfur is detected at  ρ = 0.457 (sample annealed at 200 °C for 24 h). Therefore, the mass 
loss in the interval 0.36 < ρ < 0.457 (Step 3 in Fig. 1) must be related to degradation of S-containing 
moieties.  However, as shown in the elemental analysis data, the atomic content of S is less than 3.2 
atom% in original GO sample (similar with the former r search’s results ref.43). Even if the all S 
are released in the form of SO2, the mass loss of Step 3 (0.36 < ρ < 0.457) still could not reach 
around 10% (as calculated from Fig. 2c). Therefore, we infer that other moieties could be degraded 
during this step. Thus, the large variation of Ea values observed during this degradation step can be 
ascribed to the complexity of the functional groups that are degraded. 
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Fig. 2. Isothermal gravimetric analysis of GO (a) and the activation energy of the degradation process as 
calculated by the Mac Callum method (b). The change i  slop of the isothermal gravimetric analysis and the 
variation of the apparent activation energy of the GO degradation are plotted as a function of the degradation 
degree of GO (ρ). Thus, three distinct steps, based on the literature values and the elemental analysis data, 
are here assigned to the water evaporation, decomposition of oxygen functions, and decomposition of 
sulfates and other moieties, respectively. 
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The above-mentioned observations are further confirmed by Dynamic Thermogravimetric Analysis 
(at heating rate of 10 °C/min) of GO samples annealed t 120, 140, 160, 180 and 200 °C for a 
duration between 0.5 and 24 hours. For simplicity, only the TG curves of the samples annealed at 
120 and 200 °C are depicted in Fig. 3a-b, while the ot r data are reported in Fig. SI3 in supporting 
information. As we discussed above, the decomposition mechanism of Step 2 and Step 3 are not the 
same, which might be related to different degradation processes or to the degradation of different 
kinds of functional groups. In  Fig. 3a, at 120 °C,the relative mass loss of Step 1 and Step 2 (∆m/m0, 
∆m is the mass loss, m0 is the starting mass in respect to the annealed sample) decreases from about 
30% to nearly 0%, with the annealing time increasing from 0.5 to 24 h. On the contrary, the mass 
loss observed for the Step 3 keeps around 10 % for all the samples annealed at 120 °C (the 
approximate value as in the Isothermal Gravimetric Analysis). At the relatively high annealing 
temperature, e.g., 200 °C (Fig. 3b), the irreversible desorption and decomposition phenomena in 
Step 1 and Step 2 occur quickly (∆m is less than 5% even in the sample 200 °C-0.5 h). T e mass 
loss during Step 3 instead starts to decrease from 11% to nearly 0% with annealing time from 0.5 to 
24 h. TG data are used to determine the apparent rate constant of the decomposition processes in 
Step 2 and Step 3, as shown by the dashed linear lines in Fig. 3c-d. The decomposition of functional 
groups in Step 2 takes 24 h at 120 °C, while it takes about 1 h at 180 °C (Fig. 3c). For Step 3 (Fig. 
3d), there is no significant change of mass loss (remains around 10%) when annealing temperature 
is below 180 °C. However, at 200 °C, ∆m/m0 of Step 3 shows big decrement, and it becomes close 
to 0% after 24 h annealing. This is in agreement with the calculated Ea values in Isothermal 
Gravimetric Analysis (Fig. 2b). Step 3 has a much higher activation energy than Step 2. 
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Fig. 3. TG data of annealed GO samples. (a) 120 °C; (b) 200 °C. The vertical dashed lines indicate the three 
steps of the GO reduction. The horizontal grey dashed lines (axis Y=100) are the baseline for mass loss 
calculation. (c) Mass loss for Step 2. The dashed lines are linear fits. The 120 °C-0.5 h sample undergoes 
almost the same large mass loss as original GO’s. (d) Mass loss for Step 3. The dashed lines are linear fits. 
The data of 120 and 140 °C annealed samples are not shown as they are similar to those of 160 °C annealed 
samples. 
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3.3 GO reduction thermodynamics 
Fig. 4 (and Fig. SI4 and Fig. SI5 in the supporting information) shows the DSC data (at heating rate 
of 10 °C/min) of annealed GO samples at different tmperatures and durations. In Fig. 4a, the curve 
of the original GO sample shows an exothermic peak centered at 210 °C, with onset from 100 °C 
and end at 250 °C, which is associated with the decomposition of the oxygen functional groups, as 
discussed above. Fig. 4b shows that the peak area decreases with the annealing time at 180 °C, and 
after 24 h annealing, only a small endothermic peak could be observed. The presence of this 
endothermic peak is even more evident for the sample annealed at 200 °C. Meanwhile, in this case, 
the GO sample annealed for 0.5 h shows no exothermic processes. After 24 h annealing at 200 °C, 
the endothermic peak totally disappears. This observation is consistent with TG curve in Fig. 3b. 
The comparison of the TG and DSC curves shows that both Step 2 and Step 3 are associated with 
the mass loss, i.e. with the changing of GO sample composition. However, Step 2 is strongly 
exothermic while Step 3 is overall weakly endothermic. This finding corrects the traditional point of 
view that the low temperature reduction of GO involves only a single exothermic step. 
 
Fig. 4. DSC data of graphene oxide samples at 3 kinds of annealing temperature: (a) original and 120 °C; (b) 
180 °C; (c) 200 °C. Fig. 4 shows that the peak area (i.e., enthalpy of decomposition) decreases with 
increasing the annealing time at three different temp ratures. Under 120 °C-0.5 h condition, the exothermic 
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peak area is almost as large as that of the original GO’s. When GO is annealed at 200 °C, even for 0.5 hours, 
the exothermic peaks has already disappeared (shown in Fig. 4c). As shown in Fig. SI5, an increase of 
annealing temperature could facilitate the decomposition in a limited time. Longer time or higher 
temperature are the key factors for enhancing the decomposition. 
 
By using a sapphire reference in the DSC measurements, the enthalpy (∆H) of each GO sample for 
different steps is calculated (Fig. 5). The exponential fitting curves (based on the equation:                 
 =  ∗ 1 − 	 ) for the enthalpy change in Fig. 5a exhibit trends similar to those for the mass 
loss. This indicates that the more functional groups decompose from GO samples, the more energy 
is released. The enthalpy of 6.7 ± 1 kJ per gram of GO released during Step 2 is calculated by fitting 
the data in Fig. 5b. Compared with Step 2, the absolute values of ∆H of the endothermic peaks 
(Step 3) are much smaller, as shown in Fig. 5c. Taking the mass loss into consideration, for 
example, in the 160 °C-24 h GO sample, around 10 % mass loss of Step 3 corresponds to ∆H ≈ 67 
J/g, while in the 160 °C-1 h GO sample, about 10% mass loss of Step 2 corresponds to  ∆H ≈ - 
508.8 J/g. Moreover, for the samples treated below 180 °C, the gained enthalpy during Step 3 
increases with the annealing time. The ∆H of annealed GO at 200 °C shows the same trend in the 
first half (from Group Ⅰto Group Ⅱ), later the ∆H would decreases with the annealing time (from 
Group Ⅱ to Group Ⅲ). Here we combine with the Ea and argue that (Fig. 5c): At first, there is a 
transition region, which consist of both exothermic and endothermic processes. The extent of 
exotherm decrease, while the relative extent of endotherm increase, resulting in the increment of the 
∆H (from Group Ⅰ to Group Ⅱ ). Later, the extent of endotherm continues to decrease with 
annealing time, leading to the decrement of the ∆H (from Group Ⅱto Group Ⅲ). Step 3 is the sum 
of different processes and the consequence is the app arance of a small endothermic peak.  
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Fig. 5. The calculated enthalpy (∆H) of each GO sample. (a) For Step 2 - the exothermic peak. The dashed 
lines are exponential fits. (b) Relationship between ∆H and mass loss for Step 2. The dashed line are linear 
fits. (c) For Step 3 – the endothermic peak, combined with activation energy plots. The dashed linear line are 
the guide for eyes. (d) Relationship between ∆H and mass loss for Step 3. The dashed circles and the ashed 
linear line are the guide for eyes. The arrows indicate the trends.  
 
To find out what happened in the observed steps of mass loss, we take some previous studies into 
consideration, where the 3 steps of decomposition are also observed [33,38–46], and find out that 
Step 3 occurs only in GO synthesized by Hummers’ method. However, most of those studies ignore 
the distinction of these reaction steps, generalize Steps 2 and 3 as one-step, and attribute it to the 
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removal of labile oxygen groups. Some researchers [33,39] ascribed Step 3 to the decomposition of 
some more stable oxygen functional groups. Others [41,44] infer that Step 3 is related to the 
released of sulfur species. However, no one has discovered that Step 3 involves an endothermic 
response.  
 
3.4 GO reduction by-products 
A combined FTIR-TG-MS analysis is conducted to gain more information about the GO thermal 
reduction process at low temperature. The results are shown in Fig. 6. The released gases during 
GO reduction indicate that Step 1 (below 160 °C) involves mainly the desorption of the nano-
confined water between GO sheets. The mass loss of Step 2 (160 - 210 °C) is mainly caused by the 
release of CO, CO2 and H2O, whereas Step 3 (210 - 300 °C) is related to the SO2. To further 
confirm the correlation of Step 3 with the sulfate content, a GO sample with a sulfur content below 
0.2 atom% (obtained by washing the raw GO powder for additional 15 times) was analyzed by 
using DSC and TGA, before and after annealing at 160 °C for 24 h (see Fig. SI6). The results 
clearly show that neither Step 3 transition, nor the corresponding endothermic peak occur in the TG 
and DSC curves, respectively. These results agree with literature data [41,44,47]. The benzene peak, 
centered at 250 °C, is also detected, which has not been reported to the best of our knowledge. The 
occurrence of this peak indicates that the basal carbon plane could decompose at relatively low 
temperature (between 210 and 300 °C), and this is in contrast to the view that the carbon plane 
would only degrade at relatively high temperature [35,48], e.g., above 350 °C. As we discussed 
above in the Elemental Analysis (Table SI2), the content of element S (less than 3.2 atom%) could 
not account for 10% mass loss (Fig. 2), and some arom tic by-products could be present in the 
samples.  
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Fig. 6. FTIR-TG-MS data of the original GO. The grey dashed line is for visual. 
 
To confirm that the 4-5% mass loss deficit (compared with the sulfur content) during Step 3 might 
come from the release of aromatic products, the original GO sample and two annealed GO samples 
(200 °C-3h and 200 °C-24 h) are measured at 300 °C for 20 seconds using Pyr-GC-MS (Fig. 7a-c). 
Besides the CO2 and SO2 products, a small amount of organic products are also detected: Benzene, 
Toluene, 2-Furancarboxyaldehyde, N,N-dimethyl-formamide, 2,5-Furandione, Styrene and 
Benzaldehyde. Most of the species of organic by-products are released from the original GO sample 
(Fig. 7a), involving Steps 1-3; whereas only benzene, 2,5-furandione and benzaldehyde are 
observed in the 200 °C-3 h GO sample, involving only Step 3 (Fig. 7b). The absence of toluene, 2-
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furancarboxyaldehyde and styrene in 200 °C-3 h GO sample implies that the degradation of 
functional groups accompanies the decomposition of carbon network during heating in Pyr-GC-MS 
over time, leading to structural defects formation. In contrast, except benzene, most of organic 
products could not be detected in 200 °C-24 h GO sample (Fig. 7c), and this sample does not 
exhibit the mass loss of Steps 2 and 3. The generation of benzene in GO mainly depends on the 
temperature, and it is not strongly affected by the amount and species of functional groups. Our 
detection of organic products is consistent with some previous studies [43,48]. However, those 
studies are based on high temperature treatment (more than 400 °C). Our Pyr-GC-MS results 
confirm that some organic by-products can be releasd t much lower temperature, meaning that the 
carbon sheets could start to decompose below 300 °C. 
  
Fig. 7. Pyr-GC-MS data of 3 GO samples: (a) the original GO sample; (b) GO sample annealed at 200 °C for 
3 h; (c) GO sample annealed at 200 °C for 24 h. Peaks marked with * are due to the instrument column. The 
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remaining marked peaks: 1: Benzene, 2: Toluene, 3: N N-dimethyl-formamide, 4: 2-Furancarboxyaldehyde, 
5: 2,5-Furandione, 6: Styrene, 7: Benzaldehyde. 
 
3.5 Chemical evolution of GO reduction 
After identifying the types of gases released from the 3 distinct steps, we reveal the reduction 
mechanisms of GO by tracing the evolution of functional groups using FTIR (Fig. 8). Fig. 8a 
exhibits the absorbance spectrum of GO annealed at 120 °C for various durations. At this 
temperature, the decomposition corresponds to Steps 1 and 2. The drastic decrease of the absorption 
at around 3400 cm-1 arises from the loss of hydroxyls (-OH) and intercalated water. It is also seen 
that the peaks at 1380 cm-1 and 1050 cm-1, which correspond to the C-OH and C-O, respectively, 
become less pronounced with annealing time and finally disappear. The peak at 1730 cm-1 
(carboxyl) also decreases with annealing time. The ot r two peaks (epoxide and C=C) vary only 
slightly. Fig. 8a shows that during Steps 1 and 2, ominant mass loss mostly result from the release 
of water and decomposition of C-OH and C-O. Fig. 8b shows the normalized spectra of the 200 °C 
annealed GO samples, which only relates to reaction Step 3. Similar to the 120 °C-24 h curve, three 
species of functional groups remain: C=C, epoxides and carboxyls. Even after 24 h annealing, the 
infrared absorbance are still detectable. These functional groups strongly bond to the basal graphene 
plane and are difficult to be removed at low temperatures. In Fig. 8a-b, the peak assignment to the 
bonds of sulfates could not be verified, but the exist nce of sulfates in GO has been proved by EA 
and GC-MS.  
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Fig. 8. FTIR spectra of annealed GO: (a) Absorbance spectra of the 120 °C annealed GO samples: hydroxyl 
and intercalated water (around 3400 cm-1), carboxyl (1730 cm-1), C=C (1620 cm-1), C-OH (1380 cm-1), 
epoxide (1225 cm-1) and C-O (1050 cm-1) [32,49,50]. The yellow stripes highlight the change of the peak. (b) 
Normalized absorbance spectra of the 200 °C annealed GO samples. The grey dashed lines mark pek 
positions. 
 
In order to gain insight into functional groups’ chemical bonding evolution, XPS measurements are 
carried out as shown in Fig. 9. The XPS spectra of the 120 °C annealed GO samples for various 
times are shown in Fig. 9a, which relate to Steps 1 and 2. The areas of the fitted curves’ C=C, C-O, 
C=O and O-C=O are listed in Table SI7, respectively. We can see that, the functional groups of 
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epoxide and C-OH have the largest quantities (around 50% in original GO). During the reduction 
process of Steps 1 and 2, the decomposition of epoxide and C-OH is the main reason for the release 
of H2O, CO and CO2 (combined with Fig. 6). The concentrations of carboxyl and carbonyl groups 
do not change considerably at 120 °C treatment. This observation agrees with the FTIR results (Fig. 
8) revealing the occurrence of the carboxyl bond even in the 200 °C annealed GO samples. Since 
the C1s XPS spectra of the 200 °C annealed GO samples’ are similar to that of the 120 °C-24 h 
sample, here we show the O1s XPS spectra of the 200 °C annealed GO samples in Fig. 9b. The 
areas of the fitting curves for C=O, S-O, C-O and Phenolic are listed in Table SI8. It is clearly in 
Fig. 9b that the left-side peak fades with increasing the annealing time, possibly due to the reaction 
Step 3. The content of C=O (around 16%) varies onlyslightly, and it is quite stable at 200 °C. The 
S-O content decreases sharply from 31.91% to 0.00%. Furthermore, the C-O content first increases 
from 24.42% to 37.18 % and then decreases to 19.00%, while the Phenols content decreases from 
27.50% to 21.79% and then increases to 62.91%. This is due to the decomposition of sulfates 
[38,41]. The release of sulfates results in an increase of the fraction of C-O at first. However, the 
high temperature (200 °C) facilitates the reduction of C-O and thereby the C-O fraction decreases 
later. Besides, the decomposition of sulfates causes th  formation of the vicinal diols (Fig. 10), 
which increases the Phenolic content fraction further.  
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
25 
 
 
Fig. 9. High resolution XPS spectra of annealed GO samples: (a) C1s spectra of original GO and annealed 
GO at 120 °C. C=C (284.6 ev), C-O (286 ev), C=O (287.8ev), O-C=O (288.8 ev) [51,52]. (b) O1s spectra of 
annealed GO at 200 °C. C=O (531 ev), S-O (531.6 ev), C-O (532 ev), Phenolic (533.4 ev) [52,53]. Red solid 
curves: Sum of the convoluted Gaussian-Lorentzian bands (representing different bonds). 
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Based on some previously proposed models of GO [27,34,38,49,54], the possible reduction 
mechanisms of the 3 distinct steps of modified Hummers’ method GO are described in Fig. 10. 
 
Fig. 10. Possible thermal reduction process of three distinct steps of Hummers’ method GO. 
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4. Conclusion 
We have provided insight into the chemical evolution of Hummers’ GO during the low temperature 
thermal reduction. Our results have demonstrated that the reduction processes of Hummers’ GO 
consists of the following four steps. Step 1 (below 160 °C) leads to the release of the physisorbed 
water. Step 2 (between 160 and 210 °C) results in the reduction of functional groups. Step 3 
(between 210 and 300 °C) causes the production sulfates, stable oxygens and aromatic by-products; 
Step 4 (above 300 °C), induced the degradation of the carbon network and the most stable oxygen 
functionalities. Different from the conclusion in literature, in which the reduction process of 
Hummers’ GO is regarded as a single exothermic process, we identify Step 3 to be an endothermic 
transition, which is decoupled from Step 2. In addition, we have found that the main decomposition 
steps (Steps 2 and 3) generate different kinds of products. During Step 2, CO, CO2 and H2O are 
produced, while during Step 3, SO2 and some aromatic gases are obtained. The analysis of these 
products indicates that the GO carbon plane could decompose even at low temperature (below 
300 °C). The kinetic results derived from FTIR and XPS measurements have been used to explore 
the evolution of functional groups during heat-treament and its relationship to the released products. 
The epoxy and carboxyl groups are much more stable than the C-OH and C-O groups. S-O bond 
cannot be broken below 200 °C. Hence, this work indicates that the composition of the starting GO 
should be taken into account in the design and the large-scale fabrication of reduced-GO (rGO) 
products, as we observed that the sulfur content has an influence on the energy consumption and 
by-product formation of the thermal reduction process. 
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